We study the generation of surface plasmon polariton and its extraction efficiency from a microdisk-based plasmonic source to a metal-insulator-metal (MIM) waveguide. The field distribution is no longer a whispering gallery mode commonly found in microdisk lasers but hybridized with surface plasmon polariton. We observe the steady-state intensity of the surface plasmon polariton mode inside the plasmonic microdisk structure at 1.47-m wavelength. This field intensity is extracted efficiently to a MIM plasmonic waveguide through a nanometer gap. The extraction efficiency reaches 60%.
Introduction
Nanoscale devices which work at the speed of light are exciting research areas. Conventional photonic devices, however, have large dimensions due to the diffraction limit. Recently, it has been proved theoretically and demonstrated experimentally that the diffraction limit can be overcome by concentrating and channeling light using subwavelength structures, which are often called plasmonic devices [1] . In plasmonic devices, the electromagnetic waves propagate at the interface of a dielectric and a metal. An important research opportunity in this nanophotonics field is a surface plasmon source.
The lack of surface plasmon source is normally resolved by using light source from free-space which is then coupled to plasmonic devices. However, it is known that the surface plasmon mode momentum " hk S is greater than that of the free-space photon momentum at the same frequency " hk 0 [2] . Therefore, a change of momentum is required to couple light from free-space to surface plasmons at metal-dielectric interface. Three main techniques are commonly used to achieve this coupling: using prisms [3] , [4] , scatterings [5] , and gratings [6] . Laser is a commonly used light source for these experiments. It is beneficial to have a surface plasmon source similar to lasers that can be coupled directly to waveguides.
The search for a surface plasmon source has shown some progress. In 2003, Bergman and Stockman showed that a stimulated amplification of plasmon mode can be achieved [7] - [9] . They calculated the gain of the stimulated amplification emission when a metal structure was embedded inside a gain medium. In this way, the local field was excited using the surface plasmon amplification by stimulated emission of radiation (spaser), and the term spaser was introduced for the first time [7] . Later on, it has been shown that spaser is able to create lasing effects [10] - [13] .
Recently, Akimov et al. showed that the light from a quantum dot can be coupled to the surface plasmon of the metallic nanowires [14] . Koller et al. then successfully demonstrated a surface plasmon emitter based on organic light emitting diodes and is useful for organic devices [15] . A year later, Walters et al. proposed a silicon-based electrical source for surface plasmon polariton [16] . In this structure, the surface plasmon was excited by using impact ionization process due to the high electric field of the metal layers. They detected the surface plasmon by scattering out the wave using nanoslits.
In this paper, we study an active device that emits surface plasmon polariton modes which can be coupled directly to plasmonic devices, such as a waveguide. Such a device eliminates the complexity of further coupling light from free space to plasmonic devices. The active device for the surface plasmon source that we study in this work is based on a microdisk laser [17] and is shown in Fig. 1 . The modes of the microdisk resonator allow only certain frequencies to survive. The circular shape acts as a resonator where light is reflected internally as it travels. It is well known that light waves in a microdisk travel in a whispering gallery mode (WGM) fashion [18] . We will show later that plasmonic microdisk behaves differently than conventional microdisk laser.
The main advantage of this structure is that a cavity structure is utilized to enhance the surface plasmon polariton wave intensity, and that its cross section is similar to a metal-insulator-metal (MIM) plasmonic waveguide [see Fig. 1 (c) and (d)] [19] , [20] . This enables one to efficiently couple the surface plasmon polariton from the plasmonic microdisk to the MIM plasmonic waveguide.
The plasmonic microdisk structure is studied by using a full wave 3-D finite difference time domain (FDTD) code which incorporates combined dynamic thermal electron quantum medium (DTEQM) and Lorentz-Drude (LD) dispersive models [21] . A 3-D simulation is required since the light wave would normally travel in the x -y plane through a WGM while the metal confinement is on the z-direction. This is the first reported study of such structure in three dimension. Furthermore, our in-house FDTD code incorporates electron dynamics based on a multilevel multielectron quantum system governed by the Pauli exclusion principle, state filling, and dynamical Fermi-Dirac Thermalization [22] . This model enables one to treat various solid-state or atomic media. Most previous studies were not able to take into account the electron dynamic in the semiconductor media and only consider the semiconductor layer as a simple dielectric [16] . The metallic part, on the other hand, is modeled by the LD dispersive model which is widely used for plasmonic calculations [21] .
Our calculation results show that the hybridized surface plasmon mode can be extracted efficiently to the MIM waveguide. The high extraction efficiency is mainly caused by the gap between the plasmonic microdisk and the plasmonic waveguide (see Fig. 1 ). We also study the effect of varying gap distance between the plasmonic microdisk and waveguide.
Structure and Numerical Models
The structure under study consists of a 1-m-radius microdisk with a thickness of 120 nm. The microdisk is a III-V semiconductor material with bandgap wavelength of 1.55 m and a refractive index of 3.5. The semiconductor microdisk is sandwiched between two metal layers (gold) with the same radius and thickness. Next to this plasmonic microdisk, an MIM waveguide is placed with a nanometer gap. For simplicity, we use air as an insulator in the MIM waveguide. The thickness of all layers in the MIM waveguide follow that of the layers in the plasmonic microdisk. The width of the waveguide is 360 nm, while the length is 2 m.
Fabrication of such structure is feasible with the current technology. A similar structure of a disk sandwiched by metal layers have previously been fabricated by using physical vapor deposition and focused ion beam to etch the disk [24] . They studied the resonant modes of Ag/SiO2/Ag disks. Another experimental result of a plasmonic resonator has also been reported in [23] . They reported a laser design based on half circle disk resonators covered with metal.
An in-house full 3-D FDTD code is used to study the device [21] . This FDTD code incorporates both DTEQM model, as well as LD dispersive model. Hence, it covers formulations for both gain media and metallic parts of the structure. Previously, the code has been used to study the light extraction from an elliptical microdisk laser without metal layers for conventional photonic applications [22] , [25] , [26] .
The electron dynamics inside the semiconductor medium is modeled by calculating the interband transitions between the conduction band and the valence band, as well as the intraband transitions within each respective bands. Fig. 2 (a) shows a simple case where an electron is excited or electrically injected above the bandgap energy. The excited electron will then undergo intraband decay to the band edge through phonon-assisted process. Subsequently, the electron at the band edge of the conduction band recombines with the hole in the valence band. This process is described using 4-level 2-electron model. To model the semiconductor medium more accurately, additional energy levels and electron dynamics are required. In the multilevel multielectron model, the conduction and valence band states are divided into several groups. Each group is then represented by a single dipole with broadened width [see Fig. 2(b) ]. In this paper, five energy levels are taken into account within each bands, and the energy level separation is Á ¼ 25 nm. During the simulation, the microdisk is electrically pumped at a rate of 3 Â 10 9 electrons.s À1 . The electron dynamic is then included in the Maxwell equations through the macroscopic polarization density [22] , which is a function of the electron densities at the different energy bands. The Maxwell equations can then be written as
where E and H are the electric field and the magnetic field, and " 0 and 0 are the free-space permittivity and permeability, respectively. The term n is the refractive index of the medium, and P is the macroscopic polarization density. The macroscopic polarization density is calculated from
where k ¼ x , y , and z, and À h represent the dephasing rate at the h th energy level after excitation. A k is the vector potential, jU kh j 2 ¼ 3" h" 0 c 3 =! In addition, N dipÀh ðr Þ is the dipole volume density for level h within the energy width E and is specified by the number of dipoles N 0 divided by unit volume V . The interband transition frequency is denoted as ! ah , while the interband transition time is h . A more detailed description of the model can be found in [21] . This methodology allows us to take into account the electron transitions for stimulated emissions in the system. Therefore, this model is able to simulate lasing effects in a microdisk structure.
To model the metallic part of the structure, we incorporated the LD dispersive model. The LD dispersive model describes very well the relative permittivity " r of numerous metals at near infrared and optical frequencies which are frequency dependent
where ! D is the plasma frequency, and D is the damping coefficient for the Drude model. The last term of the above equation is a Lorentz pole, where Á" is a weighting factor, L is the resonance frequency, and À L is the spectral width of the Lorentz model. For the Lorentz model a number of poles can be included. Though multiple Lorentz pole can be added, the computation time will increase significantly. In our case, a single Lorentz pole is found to be sufficient to study the structure [21] . The metal used in the structure is gold and parameters considered follows [27] 
Results and Discussion
We first study the microdisk structure alone without the waveguide. The simulation is run until the field inside the microdisk reaches a steady state. The total electric field is measured and captured at the middle plane of the semiconductor materials. This allows us to observe the electric field pattern inside the microdisk.
The electric field pattern of a plasmonic microdisk is different than a conventional microdisk laser. The comparison of total electric field distributions in a conventional microdisk laser and a plasmonic microdisk is shown in Fig. 3 , which are captured after 50 000 time steps, under steady-state condition. The white circle denotes the microdisk boundary. The WGM of the conventional microdisk laser is observed in Fig. 3(a) . In our case, TE mode is observed. On the other hand, Fig. 3(b) shows that the total electric field pattern is changed significantly. It seems to indicate that the WGM is hybridized with the surface plasmon polariton mode inside the plasmonic microdisk. Our calculation shows that the direction of the dominant field changes from radial direction (TE mode) in a conventional microdisk to the z (normal to the disk plane) direction in a plasmonic microdisk. In [28] and [29] , the study of a similar structure has been done but limited only to the loss and the Q factor of the device.
To investigate this hybridization further, the electric field across the metal-semiconductor-metal layer is measured. Fig. 4(a) shows the normalized field difference between a conventional microdisk and plasmonic microdisk along the z-direction. We took the measurement at the maximum of the electric field in Fig. 3 perpendicular to the microdisk plane (z-direction). In Fig. 4(a) , the vertical line at 380 nm denotes the interface of the semiconductor with either air (for conventional microdisk) or metal (for plasmonic microdisk). The region on the right hand side of 380 nm line is the semiconductor medium, and the region on the left-hand side of 380 nm line is metal for the WGM-SPP curve and air for the WGM curve.
In conventional microdisk the field is confined inside the dielectric, where the maximum is at the center of the semiconductor layer. Fig. 4(a) indicates that the electromagnetic field for plasmonic microdisk is no longer in a WGM but rather is hybridized with the surface plasmon polariton mode. A surface plasmon mode would have a maximum intensity at the interface of dielectric and metal, and the field decays exponential inside the metal. Fig. 4(a) shows that the hybridize mode confines the field closer to the interface between the dielectric and the metal. It can be seen that the electric field decays exponentially inside the metal (distance less than 380 nm). The mode observed here seems to be a hybridization between the WGM and surface plasmon polariton. A pure surface plasmon polariton would have the maximum field intensity at the interface. Such a mode is observed inside the waveguide after the hybrid mode is coupled to the waveguide. This result will be presented in Fig. 5(c) .
Another observation is that attaching metal layers results in a significant enhancement of the z component of the electric field as shown in Fig. 4(b) . Fig. 4(b) shows the fast Fourier transform of the z component electric field intensity in a logarithmic scale. The electric field is probed inside the microdisk at the center of the semiconductor layer. At 1.47 m wavelength, the intensity enhancement is about 20 000 times. Similar phenomena but for a single metal layer microdisk laser have been observed experimentally by Perahia et al. [30] . They have shown that the WGMs start to hybridize with the surface plasmon polariton modes as metal layer area increases. In our case, we observed that the surface plasmon polariton wave at the top metal layers are coupled with the surface plasmon polariton wave at the bottom metal layers. Now, when a MIM plasmonic waveguide is placed near the microdisk, the surface plasmon polariton mode is extracted to the waveguide through the nanometer gap. Fig. 5(a) shows the total electric field distribution when the surface plasmon polariton wave couples to the waveguide at 50 000 time step. The field distribution is taken at the middle plane, which correspond to the center of the semiconductor layer inside the microdisk or the center of the insulator inside the waveguide. The field intensity inside the plasmonic microdisk is higher than the intensity inside the waveguide, as expected. The microcavity builds up the field intensity and competes with the losses until it reaches steady state. At steady state, we observed that the field inside the waveguide propagates from the left end of the waveguide down to the far end. 5(b) shows the electric field inside the waveguide in the y -z plane. We measured the field along two cut lines which is shown in (c) and (d), respectively. Fig. 5 (c) plots the surface plasmon mode inside the waveguide where the electric field is confined at the interface between the metal and the insulator. The electric field then decays exponentially inside the metal layers. Note that the plot is only half side due to its symmetry. Fig. 5(d) shows the electric field is confined horizontally inside the MIM waveguide. The full-width at half-maximum (FWHM) of the field intensity in the MIM waveguide is about 400 nm, which is about the width of the waveguide, i.e., 360 nm. Fig. 6(a) shows the fast Fourier transform of the electric field for both the plasmonic microdisk and the plasmonic waveguide in logarithmic scale. The fields are measured at the center plane of the semiconductor inside microdisk and the center plane of the dielectric layer inside the waveguide. The observation point inside the microdisk is located about 20 nm from the gap adjacent to the waveguide. On the other hand, the probe for field of the waveguide is located about 20 nm from the gap inside the waveguide. It can be observed that the z component of the field inside the waveguide follows that of the plasmonic microdisk for the wavelengths of interest from 1.3 m to 1.6 m. We calculate the coupling efficiency by taking the Fourier transform of the field and compute the square of the electric field, which gives us the energy. We computed the energy at both the microdisk and the waveguide. It was calculated that the intensity at the waveguide is about 60% of that inside the plasmonic microdisk. This is considered an efficient field extraction. As a rough comparison with a previous work on conventional microdisk lasers, the light extraction efficiency of an elliptical microdisk laser was successfully increased from 9.2% to about 30% by using an external magnetic field [25] . In another work, light from a conventional microdisk laser is coupled to a photonic waveguide using a nanoantenna, and they claimed a maximum extraction efficiency of about 38% [31] . The extraction efficiency of our proposed structure is 60%, which is higher than these two reported results.
We should also compare qualitatively with other works on surface plasmon source. Akimov et al. showed that the emission efficiency of their structure is about 27%, eventhough it was claimed that theoretically, it should be able to reach 60% [14] . On the other hand, the extraction efficiency of surface plasmon from organic LED was reported to be 4% in [15] . In that same work, however, it was reported that it is possible for the organic LED to couple light emission to surface plasmon as high as 40%. The extraction efficiency in this work gave a higher performance.
In addition, we also studied the effect of varying the gap distance between the microdisk and the waveguides on the extraction efficiency. The gap distance between the plasmonic microdisk and the waveguide is varied from 20 nm to 120 nm, with an interval of 20 nm. When varying the gap distance, the other parameters are kept the constant. The effect is shown in Fig. 6(b) . The plot indicates that the extraction efficiency deteriorates as the gap distance increases. It is a well-known fact that the field enhancement between two metal structures increases as the gap distance decreases, and vice versa. A similar phenomenon is observed here. As the gap distance between the microdisk and the waveguide decreases, the field enhancement in the gap increases. As a result, higher extraction efficiency is obtained.
Conclusion
In this paper, a plasmonic structure that acts as a source for surface plasmon polariton waves has been studied. The extraction efficiency is almost 60%. The extraction efficiency drops as the gap distance between the plasmonic microdisk and the waveguide increases. Furthermore, it was shown that the plasmonic waveguide perturbates the field inside the plasmonic microdisk. With this device, the complexity of light extraction to a plasmonic device is simplified, and the plasmonic source can be easily integrated on-chip. An integrated plasmonic source is essential for plasmonic sensors, transistors, switches, and many others. Development of plasmonic source would pave the way to enhance the applications of nanophotonics.
